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The energy balance of an alpine snow cover significantly changes once the snow cover
gets patchy. The local advection of warm air causes above-average snow ablation
rates at the upwind edge of the snow patch. As lateral transport processes are
typically not considered in models describing surface exchange, e.g., for hydrological
or meteorological applications, small-scale variations in snow ablation rates are not
resolved. The overall model error in the hydrological model Alpine3D is split into a
contribution from the pure “leading edge effect” and a contribution from an increase
in the mean air temperature due to a positive snow-albedo feedback mechanism. We
found an overall model error for the entire ablation period of 4% for the almost flat
alpine test site Gletschboden and 14% for the Wannengrat area, which is located in
highly complex terrain including slopes of different aspects. Terrestrial laser scanning
measurements at the Gletschboden test site were used to estimate the pure “leading
edge effect” and reveal an increase in snow ablation rates of 25–30% at the upwind
edge of a snow patch and a total of 4–6% on a catchment scale for two different
ablation days with a snow cover fraction lower than 50%. The estimated increase of
local snow ablation rates is then around 1–3% for an entire ablation period for the
Gletschboden test site and approximately 4% for the Wannengrat test site. Our results
show that the contribution of lateral heat advection is smaller than typical uncertainties
in snow melt modeling due to uncertainties in boundary layer parameters but increases
in regions with smaller snow patch sizes and long-lasting patchy snow covers in the
ablation period. We introduce a new temperature footprint approach, which reproduces
a 15% increase of snow ablation rates at the upwind edge of the snow patch, whereas
observations indicate that this value is as large as 25%. This conceptual model approach
could be used in hydrological models. In addition to improved snow ablation rates, the
footprint model better represents snow mask maps and turbulent sensible heat fluxes
from eddy-covariance measurements.
Keywords: eddy-covariance measurement, patchy snow cover, snow ablation rate, temperature footprint
approach, terrestrial laser scanning, sensible heat flux
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INTRODUCTION
Modeling an alpine snow-cover is a challenging issue especially in
the melting season when the snow cover becomes patchy (Essery
et al., 2006; Fujita et al., 2010; Mott et al., 2011, 2013). Accurate
modeled snow ablation rates are of special interest for e.g.,
practitioners in hydropower generation (Schaefli et al., 2007)
or flood prevention (Wever et al., 2017) especially in the late
snow ablation period. Snow and hydrological models are typically
forced by single point meteorological measurements, which
are interpolated to the grid of the digital elevation model.
Turbulent fluxes in the atmosphere are often calculated with
Monin-Obukhov similarity theory based on this interpolated
meteorological data. Therefore, snow and hydrological models
do not include lateral transport of sensible and latent heat in
the atmosphere (Marks and Dozier, 1992; Marks and Winstral,
2001; Pellicciotti et al., 2008; Schlögl et al., 2016). Hence, the
influence of the upward heat flux caused by local advection
of warm air from the bare ground toward snow-covered areas
is not considered and the development of a stable internal
boundary layer is underestimated in the models. The effect of
lateral transport of sensible heat on snow ablation rates on the
catchment scale can be neglected as long as the snow cover
remains continuous. However, when the snow cover fraction
decreases in the later stages of the ablation period, the local
effect of lateral heat transport becomes important (Marsh and
Pomeroy, 1996) and snow ablation rates increase at the upwind
edge of the snow patch (Liston, 1999; Pomeroy et al., 2003). This
leads to an underestimation of the available energy in the model
for melting snow and few studies compensate for this effect by
using parametrizations in hydrological models (Granger et al.,
2006). The physical basis for parametrizations of the lateral heat
advection flux was developed in the 1970s (Weisman, 1977),
estimated as a function of the fetch distance (Liston, 1995) and
refined in the boundary layer integration approach (Granger
et al., 2002). Some studies (e.g., Helgason and Pomeroy, 2012;
Harder et al., 2017) determined the local advection of sensible
heat based on high resolution temperature profile measurements
using thermocouples. These measurements are rare but crucial
to calibrate model parametrizations. Contrary, eddy-covariance
measurements over patchy snow covers are more frequent,
but limited by large path lengths of the measurement devices
which are not suitable to measure turbulence very close to the
snow surface. However, measured turbulent sensible heat fluxes
directly over the snow surface are recommended in order to
assess the complex nature of heat-exchange processes over patchy
snow-covers (Mott et al., 2016). As constant flux layers over
patchy snow covers cannot develop to sufficient depth, turbulent
sensible heat fluxes measured far away from the snow surface
are not useful to assess snow ablation rates as the measurement
is strongly influenced by the upwind air flow (Mott et al.,
2017).
In this study, we present a conceptual model approach to
account for the local advection of sensible heat in order to
improve the model performance in the late stage of the ablation
period. The strength of this approach is the purely analytical
origin which avoids introducing empirical coefficients in the
model. We develop adapted footprint estimations (Schuepp
et al., 1990) in order to resolve the spatial variability of near-
surface air temperatures and turbulent sensible heat fluxes. This
fundamental theory was originally deployed for eddy-covariance
measurements revealing the origin of the measured turbulence
as a function of the measurement height, atmospheric stability
and wind speed. As we do not measure two-dimensional near-
surface air temperature fields in this study, the conceptual model
approach is compared with two-dimensional snow ablation rates
recorded with a terrestrial laser scanner.
This paper is organized as follows. In section Methods, study
site, measurements, model setup and the footprint approach are
introduced. In section Results, we assess the limitations of the
Alpine3D model with respect to the calculation of snow ablation
rates, the model error due to missing lateral transport processes,
the model performance after applying the footprint approach
with respect to turbulent sensible heat fluxes, snow mask maps
and snow ablation rates and finally a sensitivity analysis to
transfer estimated results from our study site to different scales.
In section Discussion, the overall model error by neglecting
lateral transport processes is discussed and major results of this
study are summarized in section Conclusion.
METHODS
Study Site
Our study site is located in the upper Dischma valley in the
Swiss Alps near Davos. The investigated Gletschboden area
(approximately 1 km south of Dürrboden) is almost flat with an
extent of around 500× 400m (Figure 1).
Earlier studies during an extensive field campaign lead to
several publications focusing on valley-scale meteorology in the
1980s (Egger, 1983; Hennemuth, 1986). More recent studies
(Lehning et al., 2006; Bavay et al., 2009) were conducted in the
Dischma valley focusing on hydrological questions and climate
change. Additionally, the valley has been used to investigate the
influence of locally varying radiation on runoff as a function of
catchment size (Comola et al., 2015) and runoff temperatures
(Gallice et al., 2016). An extensive field campaign, the Dischma
experiment, has been conducted in the Dischma valley from 2014
to 2016 focusing on small-scale snow atmosphere interactions
over patchy snow-covers in the late stage of the ablation period
(Mott et al., 2017) and assessing small-scale variations in the
atmospheric flow field in the surroundings of a steep rock wall
and its influence on snow accumulation (Gerber et al., 2017).
Experimental results from the Gletschboden area are
transferred to different horizontal scales in section Sensitivity
Analysis by using artificial snow distributions for an idealized
flat test site, which is described in detail in the companion paper.
Additionally, earlier data from the Wannengrat field site (Mott
et al., 2015) are re-analyzed.
Mesurements
Terrestrial Laser Scanning
We recorded snow ablation maps with a terrestrial laser scanner
(TLS, Riegl-VZ6000) at the Gletschboden area (Figure 1). The
laser scanner position is located approximately 30 vertical meters
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FIGURE 1 | Measurement setup at the Gletschboden area in the upper Dischma valley. Mobile meteorological stations (black circle), Terrestrial laser scanning position
(black asterisk), turbulence station (red triangle) and the laser scanner measurement area (solid black line) are shown.
above the Gletschboden area at a northerly exposed slope.
In total 44 measurement sets have been conducted in three
consecutive years 2014–2016 (2014: 13 measurements; 2015:
17 measurements; 2016: 14 measurements). The laser scanner
system has a single-point measurement frequency of 300 kHz
and a beam divergence of 0.007◦. This set-up allows a horizontal
resolution of approximately 0.01m in 100m distance to the
scanner position. One scan of the Gletschboden area lasts
approximately 15min. The travel time from the laser scanner
toward the surface is recorded and afterwards converted into a
point cloud of distances. 5 reflectors located at the Gletschboden
area and in the closer surroundings were additionally scanned
during each measurement to transform the point cloud from the
scanner own coordinate system into Swiss coordinates.We tested
the accuracy of the laser scanner measurement by repeating
measurements from the same scan position and found a mean
absolute error (MAE) of 0.5 ± 0.2 cm. Therefore, the small-scale
variability of snow ablation rates is measured with high accuracy.
Additionally, orthophotos have been created by using pictures
recorded from the laser scanner in order to provide snow mask
maps. Snow and bare ground can be distinguished by the color
information of the orthophoto. Cells with blue band information
greater than 175 were categorized as snow and all cells with
values smaller or equal 175 were categorized as bare ground. The
complete dataset can be found on ENVIDAT (http://dx.doi.org/
10.16904/envidat.25).
Eddy Covariance Measurements
Eddy covariance measurements have been conducted at the
Gletschboden test site in the ablation periods of three consecutive
years 2014-2016. A vertical setup of three 3-D ultrasonic
anemometers were installed at the Gletschboden area using a DA-
600 Kaijo Denki for the lowermost measurement (0.3m), using a
CSAT3 (Campbell Scientific, Inc.) for the measurement in 2m
above the snow and a Young sonic in 3.2m above the snow.
Note, that the height of the measurement varied during the three
ablation periods. The post-processing of the eddy covariance
measurements includes despiking, rotating of the coordinate
system and a frequency response correction, which is described
in detail by Mott et al. (2017). The complete dataset can be found
on ENVIDAT (http://dx.doi.org/10.16904/10).
Models
The physics-based surface process model Alpine3D has been
used to simulate snow melt processes. Alpine3D is a spatially
distributed, three-dimensional (atmospheric) model for
analysing and predicting dynamics of snow-dominated surface
processes in mountainous topography. It includes modules for
snow cover (SNOWPACK), vegetation and soil, snow transport,
radiation transfer and runoff which can be enabled or disabled
on demand (Lehning et al., 2006).
Snow ablation rates from laser scanner measurements
were compared with Alpine3D snow ablation rates at the
Gletschboden test site. The model is forced by data from 10
mobile meteorological stations which are located in the near
surrounding of the simulated test site and have been installed
specifically for this study. Meteorological fields (air temperature
and wind velocity) are interpolated to a 1 x 1m horizontal grid by
inverse distance weighting. Turbulent fluxes were calculated with
the Monin-Obukhov bulk formulation (Blanc, 1987), using the
univariate stability correction developed in Schlögl et al. (2017)
and an aerodynamic roughness length over snow of 0.007m.
Note that the aerodynamic roughness length over bare ground
is larger than over snow. In 2015, incoming longwave radiation
is measured (instead of parametrized as in 2014 and 2016) at
one full energy balance station installed at the Gletschboden
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area close to the turbulence station. Alpine3D is initialized
with measured snow depth distributions from laser scanner
measurements exemplarily for several days in the ablation
period.
As Alpine3D is limited to pointwise simulating the vertical
exchange between the ground and the atmosphere and
does not include lateral transport of heat and moisture in
the atmosphere except if the drifting and blowing snow
module is switched on (Groot Zwaaftink et al., 2011, 2013),
the small- scale variability in snow ablation rates during
patchy snow covers could not be resolved (Mott et al.,
2013). Note that lateral transport calculations in Alpine3D
are based on external meteorological fields, which are very
expensive to obtain and therefore not a common setup
for hydrological simulations. Very high resolution three-
dimensional atmospheric simulations are discussed in a
companion paper. We conceptualize the effect of lateral heat
advection on snow ablation rates, and introduce a footprint
approach in the following subsection.
Footprint Approach
Flux footprints have been analytically calculated in the 1990s
by solving the diffusion equation (Schuepp et al., 1990). They
proposed that the flux footprint can be calculated by considering
the cumulative normalized contribution to flux measurements
(CNF): CNFz(xL) = exp
(
−
U·z
u∗ ·k·xL
)
. This fundamental theory
was deployed for eddy-covariance measurements revealing
the origin of the measured turbulence as a function of the
measurement height, atmospheric stability and wind speed.
For neutral conditions, the flux contribution (FC) is the
derivate of the CNF with respect to the upwind fetch
distance xL and shown for two different measurement heights
(Figure 2):
FCz(xL) =
U · z
u∗ · k · x2L
·exp
(
−
U · z
u∗ · k · xL
)
(1)
where U is the wind speed, z is the measurement height, u∗
is the friction velocity and k is the von Kàrmàn constant.
Note, that the dimension of the flux contribution is [m−1],
whereas the CNF (after integrating over the fetch distance) is
dimensionless.
The footprint approach suggested is a conceptual model to
describe the effect of lateral heat advection on snow ablation
rates and not meant to represent a rigorous integration of the
lateral transport equation, describing the effects on the sensible
heat flux. Granger et al. (2002) attempt such a more rigorous
integration, which requires more data than available in most
(including our) practical cases. The footprint approach is adapted
to calculate the fetch dependent near-surface air temperatures
(instead of turbulent sensible heat fluxes) for a height of z =
0.01 m above the surface in Alpine3D. We chose z = 0.01 m
to obtain a strictly monotonic decreasing flux contribution for
a horizontal resolution of 1m of the model grid, despite the
fact that footprints decrease very close to the snow/bare ground
transition (Figure 2). Thus, the flux contribution is largest for the
smallest fetch distance (1m). The strictly monotonic decreasing
flux contribution ensures that the additional energy from lateral
transport processes is largest at the snow/bare ground transition
and gradually decreases further inside of the snow patch. A
(theoretical) decrease in the horizontal resolution from 1m to
e.g., 0.01m could lead to a non-strictly monotonic decreasing
flux contribution (see Figure 2). For those situations, the height
z needs to be adjusted to obtain a strictly monotonic decreasing
flux contribution. The adapted footprint approach uses surface
temperatures from Alpine3D as model input. To our knowledge,
footprints for (surface) temperatures have not been developed
yet, but separate scalar footprints exist, where concentrations
instead of vertical fluxes are used to solve the diffusion equation
(Schmid, 1994; Kljun et al., 2002). The maximum contribution
of scalar footprints to the sensor/target pixel is located further
upwind than for flux footprints. However, we used flux footprints
instead of scalar footprints as a model for our weighting
functions, as surface temperatures can be treated in a similar
way as vertical fluxes. As a first approximation, Monin-Obukhov
bulk formulation suggests that vertical fluxes of sensible heat
are linearly dependent on the temperature difference between
the surface and the air above. Vertical fluxes of sensible heat
are therefore also linearly dependent on surface temperatures
differences under the assumption of a constant air temperature
and wind velocity at the reference height (z = 2 m). This
assumption of a constant air temperature and wind velocity field
at the reference height is only valid for small and flat test sites as
the Gletschboden area and cannot be made for larger distances
e.g., for larger snow patches. The calculation of the near-surface
air temperature field (TA(0.01m)xy) contains three main analysis
steps, which are explained in the following and were conducted
for each pixel ( )xy in the model domain and each time step of the
model:
1. 30-min mean wind direction and the variation of the
wind direction are estimated from the measurements at
the eddy-covariance tower. We assume that the measured
wind direction at the eddy-covariance tower is spatially
homogenous inside the model domain. This assumption is
a necessary requirement as only one meteorological station
is available inside the model domain. However, a constant
mean wind direction is a reasonable approximation of the true
atmospheric conditions for our small and flat test site. Note
that this approximation cannot be made for larger catchments.
We define an upwind sector based on the wind direction and
variation of the wind direction for each pixel in the model
domain and each analysis time step. The width of the upwind
sector corresponds to the standard deviation of the 30-min
wind direction. Modeled surface temperatures from Alpine3D
are used as input for the temperature footprint approach. All
surface temperature pixels outside the upwind sector are not
considered, whereas the surface temperature pixels inside the
upwind sector are averaged as a function of the fetch distance
(TS(xL)xy) (Figure 3c).
2. The flux contribution (Equation 1) is calculated for each
time step and assumed to be equal for the entire model
domain (Figure 2, red line). Measured wind speeds
at the eddy-covariance tower and modeled friction
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FIGURE 2 | Flux contribution (FC) [m−1] as a function of the fetch distance for a measurement height of 2m (black) and a theoretical measurement height of 0.01m
(red). In this example the wind velocity is 1m s−1 and the friction velocity is 0.1m s−1.
velocity from Alpine3D are used to determine the flux
contribution.
3. Finally, averaged surface temperatures TS(xL)xy, which
are a function of the fetch distance xL, have been
multiplied with the flux contribution function FC0.01(xL)
(Equation 1) and integrated over the fetch distance
(Equation 2).
The air temperature increase 1TA(0.01m)xy due to lateral heat
transport processes is described in Equation 2 and is always
positive, as the mean surface temperature of the entire model
domain in the late ablation period is always larger as the freezing
point temperature1TAf = 273.15 K.
1TA(0.01m)xy =
∫
∞
0
FC0.01(xL) · TS(xL)xydxL − TAf (2)
Near-surface air temperature fields TA(0.01m)xy are calculated
for the late ablation period by adding 1TA(0.01m)xy to the
interpolated standard Alpine3D air temperature field in 2m
above the surface (TA(2.0m)xy) (Equation 3):
TA(0.01m)xy = TA(2.0m)xy +1TA(0.01m)xy. (3)
Afterwards, near-surface air temperature fields TA(0.01m)xy are
used to calculate turbulent sensible heat fluxes at the surface with
the Monin-Obukhov bulk formulation. Note that this approach
is strongly sensitive to an accurate albedo of the bare ground and
accurate information on the spatial distribution of the snow cover
at time of peak accumulation.
The different analysis steps of the temperature footprint
approach are exemplarily shown for one time step (21 May 2014,
12 UTC) and one pixel (x = 200, y = 150) (Figure 3). Modeled
surface temperatures over snow are typically at the freezing
point and typically much larger over bare ground during noon
(Figure 3a). The upwind sector is defined in Figure 3b, based
on an almost southern wind direction (171◦) with a 30-min
variation in the wind direction of 10◦. The median of surface
temperatures (inside the upwind sector) as a function of the
fetch distance from the target pixel (x = 200, y = 150) indicate
two snow-free areas upwind of the target pixel (Figure 3c, black
dots). The first snow-free area is located 25–75m away from the
target pixel and extremely influences TA(0.01m)200,150, shown
by the increase of
∫ xL
0 FC0.01(x
′
L) · TS(x
′
L)200,150dx
′
L (Figure 3c,
blue line) from 273.15 to 276K in the area of enhanced
surface temperatures. The second snow-free area is located
210-230m away from the target pixel. As the flux contribution
in this area is almost 0, large surface temperatures from the
snow-free ground do not influence TA(0.01m)200,150, shown
by a constant
∫ xL
0 FC0.01(x
′
L) · TS(x
′
L)200,150dx
′
L (Figure 3c,
blue line) between 210-230m fetch distance. The term∫
∞
0 FC0.01(xL) · TS(xL)200,150dxL is equal to 276.45K, which
implies an air temperature increase of 3.3 K due to the advection
of warm air from the bare ground toward the target pixel. Finally,
the near-surface air temperature field in 0.01m above ground for
all pixels in the model domain is shown in Figure 3d.
In absence of near-surface air temperature measurements,
we evaluate the performance of our footprint approach by
comparing simulated and measured snow ablation rates (section
Local Snow Ablation Rates) and simulated and measured snow
mask maps (section Snow Mask Maps).
To analyse the model performance of the conceptual model
approach with measured turbulent sensible heat fluxes at one
specific point, the measurement height was chosen to be the
mid-level height of the eddy-covariance measurements (2.0m).
We recalculated modeled surface turbulent sensible heat fluxes
from Alpine3D (instead of the modeled surface temperatures)
(section Turbulent Sensible Heat Fluxes). The analysis of this
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FIGURE 3 | Stepwise explanation of the temperature footprint approach for one time step (21 May 2014, 12 UTC): (a) Alpine3D modeled surface temperatures [K] at
the Gletschboden area. (b) Upwind sector shown exemplarily for one pixel (x = 200, y = 150, black star). (c) Averaged surface temperatures as a function of the
fetch distance for a chosen pixel TS(xL)200,150 (black points),
∫ xL
0 FC0.01(x
′
L) · TS(x
′
L)200,150dx
′
L [K] (blue line) (both left y-axis) and flux contribution [m
−1] (red line,
right y-axis). (d) Near-surface air temperatures after the application of the temperature footprint approach [K] for the Gletschboden area.
model performance contains the same analysis steps as for the
temperature footprint, but is based on modeled surface turbulent
sensible heat fluxes in Alpine3D:
Qs(2m)xy =
∫
∞
0
FC2.0(xL) · Qs(xL)xydxL (4)
RESULTS
Limitation of Alpine3D Snow Ablation
Rates
As long as the snow cover fraction (SCF) is larger than
90%, Alpine3D sufficiently captures daily snow ablation rates
(Figure 4). Both, daily snow ablation rates recorded from the
scanner and snow ablation rates from Alpine3D simulations
show on average 0.05m day−1 snow ablation. We found almost
no systematic bias and a mean absolute error of 0.02m day−1
in the Alpine3D simulation. However, the spatial variability in
measured snow ablation rates is around one order of magnitude
larger than for the snow ablation rates in Alpine3D.
Even in this early stage of the ablation period, local heat
advection is observed around the snow-free area below the toe
of the northern exposed slope (marked by the black rectangle
in Figure 4). Enhanced snow ablation rates were recorded with
the laser scanner in the close vicinity of snow-free areas, which
are not resolved in the model (Figure 4). This spatio-temporal
dynamic in the melt-out of the snow cover is mainly a result of
the end of winter snow distribution that is typically characterized
by shallow snow covers at ridges and deep snow-covers in local
depressions. Ridges become snow-free first and the near-surface
atmosphere over snow-free areas at ridges is heated more than
over persistent snow patches in local depressions, as the albedo
of the bare ground is lower than the albedo of snow. Warmer
air above the snow-free surface is efficiently transported toward
the edge of the snow patches for high wind velocities, resulting
in enhanced snow ablation rates at the upwind edge of the snow
patches (Figure 4A). Stable internal boundary layers develop at
the border between bare ground and snow due to changes in
surface temperatures and grow along the fetch (Garratt, 1990;
Mahrt and Vickers, 2005; Mott et al., 2011, 2016). Mott et al.
(2017) showed that decoupling of the near-surface atmospheric
layers from the surrounding warmer air is favored by the
development of stable internal boundary layers. The complex
interaction between the atmospheric boundary layer and the
heterogeneous land-surface is therefore not resolved in our
traditional model approach, as Alpine3D calculates the energy
balance for each pixel separately based on the assumption of a
boundary layer in equilibrium. This approach does not account
for spatially varying boundary layer fields.
Above-Average Snow Ablation Rates at the
Upwind Edge of Snow Patches
We assessed the increase of measured snow ablation rates at
the upwind edge of the snow patch by analysing snow ablation
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FIGURE 4 | Snow ablation rates [m day−1] for the 06 May 2014 at the Gletschboden area in the upper Dischma valley. (A) Terrestrial laser scanning measurements,
(B) Alpine3D model results, (C) model-measurement. The dashed box in (A) shows the location of the investigated area of Figure 5.
FIGURE 5 | Snow ablation rates [m day−1] for 21 May 2014 at the Gletschboden test site. The dashed box in Figure 4A shows the location of the investigated area.
(A). Eight different snow patches were analyzed to assess the daily snow ablation as a function of the fetch distance (B).
rates from the laser scanner as a function of the fetch distance
exemplarily for 1 day (21 May 2014) in the late ablation period
2014 with an already patchy snow cover (SCF= 40%) (Figure 5).
For this example, we measured a mean snow height change
of approximately 0.09m day−1 at eight selected snow patches
during a southern flow with a mean wind speed of 5m s−1.
On the upwind edge of these snow patches, the maximum snow
ablation rates increase to 0.11m, which corresponds to 25% larger
snow ablation rates at the upwind edge due to local warm air
advection. Additionally, we analyzed a second ablation day (25
May 2014) in the late ablation period 2014 during a southern
flow with a SCF = 20%. We found locally 30% larger snow
ablation rates at the upwind edge of the snow patch. In both
experimental cases, local warm air advection influences snow
ablation rates over a fetch distance of 5m downwind the leading
edge, which is in agreement with (Mott et al., 2011). However,
this distance increases up to 15m with increasing wind speed
(Mott et al., 2011). As the development of separate snow patches
did not occur in the ablation period 2015 due to a long-lasting
strict snow line and 2016 was determined by a rapid decrease
Frontiers in Earth Science | www.frontiersin.org 7 October 2018 | Volume 6 | Article 120
Schlögl et al. Horizontal Transport Processes
of the snow cover fraction (Mott et al., 2017; Appendix A), the
investigation above could only be provided for the two ablation
days in 2014.
The local increase of snow ablation rates at the upwind edges
contribute with 4% (SCF= 40%, 21May 2014) and with 6% (SCF
= 20%, 25 May 2014) to the total daily snow ablation rate of the
entire catchment. The rather smaller contribution to the total
snow ablation of the entire Gletschboden area in comparison
with the enhanced snow ablation directly at the upwind edge
of the presented snow patch is a result of the fetch distance
distribution. As an example, for a given snow cover distribution
at the Gletschboden area with a SCF= 40% only 30% of the snow-
covered pixels have a smaller fetch distance than 5m and are
directly affected by local heat advection. A large fraction of snow-
covered pixels further inside the snow patches is not affected
by the leading edge effect (Figure S1). Thus, the contribution of
local heat advection to the mean snow ablation on a catchment
scale strongly depends on the fetch distance distribution. The
fetch distance distribution itself is heavily dependent on the
mean snow patch size. As the Gletschboden area is characterized
by a rather homogeneous terrain, snow patches are relatively
continuous with a mean snow patch size of approximately 30 x
30m for SCF= 40 and 20 x 20m for SCF= 20%.
The contribution of local heat advection to the mean
snow ablation is expected to increase for regions with more
heterogeneous surface characteristics, driving smaller snow
patch sizes. Our calculations suggest that this increase in the
contribution of local heat advection to the mean snow ablation
rates can reach up to 12% for a mean patch size of 10 x 10m and
converges to the measured increase in snow ablation rates at the
leading edge of 25–30% in the limiting case of a snow patch sizes
smaller than 4 x 4m (not shown). We found above-average snow
ablation rates in comparison with snow ablation rates further
inside the snow patch. However, the effect of local heat advection
contributing to snow ablation additionally includes an increase
in mean air temperatures and larger snow ablation rates further
inside the snow patch, which are not directly affected by the
“leading edge effect” but originated from a positive snow-albedo
feedback and dirt or debris on the snow surface. Above-average
snow ablation rates further inside the snow patch (in comparison
with a continuous snow cover) cannot be shown from our laser
scannermeasurements, but are analyzed in the companion paper.
In this study, near-surface air temperature fields were calculated
with the non-hydrostatic atmospheric model ARPS for different
snow cover fractions and used as input for the hydrological model
Alpine3D, in which turbulent heat fluxes were calculated with
the Monin-Obukhov bulk formulation. Numerical results reveal
that above-average snow ablation rates further inside of the snow
patch (in comparison to a continuous snow cover) are sensitive
to varying snow cover fractions and wind velocities, but do not
depend on the mean snow patch size.
Representation of Snow Patches in
Alpine3D Before the Footprint Correction
The representation of the spatial and temporal dynamics of
snow patches in Alpine3D is assessed in the late ablation
period. The model performance was statistically analyzed by
introducing a contingency table. The false alarm rate (model
predicts snow, although the area is snow-free in the observation)
is of special interest, as this model error can be related to
the missing lateral heat transport. The proportion correct
(correctly forecasted pixels), miss rates and false alarm rates
are calculated for two ablation periods 2014 and 2015 as a
function of the snow cover fraction (Figure 6). The model
was initialized with the peak of winter snow distribution
recorded with the scanner mid of April at a horizontal grid
resolution of 1m.
In both years, the proportion correct decreases with a
decreasing fraction of snow. The proportion correct is above 0.95
as long as the snow cover is still continuous and decreases to
0.7 for SCF > 50%. In 2015, the values even decrease toward
0.5 for a fraction of snow smaller than 50%. This decrease in
the proportion correct is mainly caused by the error due to the
false alarm rates. A significant part of the false alarm rates is
the result of the missing lateral transport of heat and moisture.
Uncertainties in the parametrization of the incoming longwave
radiation and uncertainties in the aerodynamic roughness length
of snow and applied stability corrections are also assumed to
contribute to differences in measured and modeled snow-cover
distribution (Schlögl et al., 2017).
We assume that other external error sources (e.g., the small-
scale spatial variability of the radiation or wind velocity in the
catchment) can be neglected, as the investigated catchment is
almost flat. However, both external error sources need to be
considered in complex terrain, where turbulent sensible heat
fluxes are strongly determined by slope winds.
Resolving Small-Scale Variations in Snow
Ablation Rates by Applying the
Temperature Footprint Approach
Near-surface air temperatures are recalculated with the
temperature footprint approach for six analysis days (20
May 2014 – 25 May 2014) by initializing the model with
the measured laser scanner snow distribution from 19 May
2014. We chose an initial snow distribution very close to the
starting date of the analysis period instead of an initial snow
distribution at the peak of winter in mid-April. This set-up
better represents the location and size of the snow patches
for the starting date of the analysis period and prevents a
bias of around 20% in the correct model prediction of the
snow patches by initializing the model with a snow cover
distribution in mid-April, mainly caused by the false alarm rate
(Figure 6A).
Near-surface air temperatures are exemplarily shown for
the 20 May 2014 12 UTC (Figure 7 upper panels). Standard
Alpine3D air temperatures over snow show almost no spatial
variability (1TA = 0.1 K) (Figure 7A). After applying
the temperature footprint approach however, near-surface air
temperatures at a height of 0.01m above the surface at the
upwind edge of the snow patches are larger compared to
further inside the snow patch (1TA = 6.1 K) (Figure 7B).
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FIGURE 6 | Skill score for 2014 (A) and 2015 (B) as a function of different snow cover fractions (SCF) for the Gletschboden area. Correctly forecasted pixels (black)
and the error due to misses (green) and false alarm (red) are shown.
For this specific example a southern flow leads to larger near-
surface temperatures and larger snow ablation rates at the
southern edge of the snow patch. For other days (e.g., 06 May
2014; Figure 4) we observed larger daily snow ablation rates
in all directions around the snow patch caused by changing
diurnal wind directions. The changing diurnal wind directions
at the Gletschboden area are a typical phenomenon in larger
valleys, where anabatic winds during noon follow katabatic
winds in the morning (Hennemuth, 1986; Mott et al., 2017).
By applying the temperature footprint approach, we were able
to provide snow ablation maps where the small-scale variation
as observed in the laser scanner measurements could be
resolved.
In the following we analyse the increase of the mean near-
surface air temperature1TA(0.01m)xy over snow-covered pixels
by applying the temperature footprint approach (Figure S2).
The air temperature increase 1TA(0.01m)xy is highly correlated
with the surface temperature of the adjacent bare ground. The
adjacent bare ground is heated after sunrise, which leads to an
increase in values of 1TA(0.01m)xy. Values of 1TA(0.01m)xy
increase from 6K (for a SCF = 40%) to 14K (for a SCF =
20%) as a function of the snow cover fraction at noon. We
found a 24 h mean value of 1TA(0.01m)xy = 5.3 K for six
analysis days (20 May 2014 – 25 May 2014), with a mean
wind velocity of 4m s−1 and a mean surface temperature of
the adjacent bare ground of 282K. The strong sensitivity of
the temperature footprint approach to surface temperatures
of the adjacent bare ground and fraction of snow is further
discussed in section Sensitivity Analysis for an idealized test
site.
Model Performance of the Footprint
Approach
We analyzed the model performance of Alpine3D before
and after applying the footprint approach with respect
to turbulent sensible heat fluxes for a special point and
two-dimensional snow mask maps and snow ablation
rates.
Turbulent Sensible Heat Fluxes
Modeled turbulent sensible heat fluxes are sufficiently simulated
for SCF > 60%, but once the snow cover gets patchy and
the fetch distance over snow decreases, measured turbulent
sensible heat fluxes in 2m above the surface are typically directed
upwards, whereas modeled surface turbulent sensible heat fluxes
are typically directed downwards (Figure 8A). This difference is
mainly caused by the development of a stable internal boundary
layer over snow patches, which is not resolved in the model. As
turbulent fluxes are calculated with Monin-Obukhov similarity
theory, which is exclusively applicable for constant flux layers
extending to the first grid point in the atmosphere or the level
of meteorological measurements, Monin-Obukhov similarity
theory is typically not applicable over patchy snow covers.
The model performance of turbulent sensible heat fluxes for
a single point could be significantly improved by applying the
flux footprint approach (Figure 8B). Modeled turbulent sensible
heat fluxes after applying the flux footprint approach represent
the flux in 2m above the surface and are compared against eddy-
covariance measurements at the same height. For this example,
the measurement height is located above the height of the
stable internal boundary layer and the unstable boundary layer
in upwind direction of the snow patch is taken into account
by applying the flux footprint approach. Hence, model results
after applying the flux footprint approach are more accurate
to measured turbulent heat flux at the eddy-covariance tower
than modeled surface turbulent sensible heat fluxes with Monin-
Obukhov similarity theory. This example clearly demonstrates
that an eddy-covariance measurement height of 2m above the
surface in the late ablation period is located to far from the surface
in order to get information on turbulent heat exchange above the
melting snow surface.
Snow Mask Maps
Snow mask maps have been analyzed before and after applying
the temperature footprint approach (Figure 9) to test the
improvement in representing snow patches in Alpine3D.
Alpine3D was run in this specific example for 2 days (21–
22 May 2014), initialized with the snow distribution of the
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FIGURE 7 | Near-surface air temperatures [K] (top panels) for the Gletschboden area for the 20 May 2014 12 UTC as input in Alpine3D before applying the
temperature footprint approach (A) and after applying the temperature footprint approach (B). Modeled snow ablation rate [m day−1] for the Gletschboden area for
the 20 May 2014 (bottom panels) before applying the temperature footprint approach (C) and after applying the temperature footprint approach (D).
FIGURE 8 | Difference between modeled surface turbulent sensible heat fluxes and measured turbulent sensible heat fluxes in 2m above the surface [W m−2] at the
eddy-covariance tower as a function of snow cover fraction (SCF) [%] (A). Turbulent sensible heat fluxes (H) for 18 May 2015 (SCF = 37%) at the eddy-covariance
tower (B). The eddy-covariance measurement in 2m above the surface is shown in blue, Alpine3D surface turbulent sensible heat flux is shown in black, turbulent
sensible heat flux in 2m above the surface after applying the flux footprint approach is shown in red.
laser scanner measurement from 21 May 2014. We choose
this short period of 2 days in order to ensure no bias in
mean snow ablation rates between model and laser scanner
measurement. By initializing Alpine3D with snow distributions
at the peak of winter mid of April, the proportion correct for
the Gletschboden area is below 75% at end of May (Figure 6A).
As this skill score is strongly dependent on different boundary
layer parameters (e.g., the aerodynamic roughness length of
snow or the stability correction) and correct input radiation,
the improvement in Alpine3D model simulations by applying
the temperature footprint approach would be masked by those
uncertainties.
The improvement in the model performance is clearly visible
by comparing Figures 9A,B and is analytically expressed by
calculating the false alarm rates. False alarm rates in the late
ablation period are around 6% before applying the temperature
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FIGURE 9 | Snow mask map for the Gletschboden area for the 22 May 2014. Model correctly provides snow (dark blue), model correctly provides bare ground (light
blue). False alarms are shown in red, misses are shown in light green. White colors indicate no data. Snow mask maps are shown without the temperature footprint
approach (A) and with the temperature footprint approach (B).
FIGURE 10 | Snow ablation rate for the 21 May 2014 [m day−1] as a function of the fetch distance [m] (A) for the terrestrial laser scanning measurement and the
model results with and without applying the temperature footprint approach. Snow ablation rate [m day−1] for the model results (with and without applying the
temperature footprint approach) (y-axis) as a function of the measured snow ablation (x-axis) (B).
footprint approach and could be decreased to around 3% after
applying the temperature footprint approach. Hence, we were
able to improve the Alpine3D model performance with respect
to the size and location of snow patches in an Alpine catchment.
Local Snow Ablation Rates
Comparisons of measured and of simulated snow ablation rates
with and without using the footprint approach are shown in
Figure 10. Homogeneous standard Alpine3D snow ablation rates
without applying the temperature footprint approach (Figure 4)
do not resolve the enhanced snow ablation rates on the upwind
edge of the snow patch (Figure 10A). Enhanced snow ablation
rates at the upwind edge of the snow patch could be partly
resolved by applying the temperature footprint approach. The
improved representation of snow ablation rates at the upwind
edge of the snow patches could also be observed for measured
snow ablation rates above 0.15m day−1 (b). While modeled
standard Alpine3D snow ablation rates stay constant at measured
snow ablation rates around 0.15m day−1, snow ablation rates
additionally increase after applying the temperature footprint
approach. The Pearson correlation coefficient between measured
and modeled snow ablation rates could be increased from 0.73
(before applying the temperature footprint approach) to 0.85
after the application of the temperature footprint approach for
the two ablation days in 2014.
Sensitivity Analysis
We analyse the sensitivity of major results from the temperature
footprint approach by creating artificial snow cover distributions
with varying fraction of snow from 5-95% and a varying number
of snow patches from 1 to 36. Additionally to varying snow
cover distributions, the horizontal scale of the domain and
meteorological conditions (soil temperature and wind velocity)
are modified (Table 1) and compared with results from the
Gletschboden area (1TA(0.01m)xy = 5.3 K). In summary,
we modified 5 parameters in order to assess the differences in
enhanced air temperature by the temperature footprint approach
1TA(0.01m)xy .
The value of 1TA(0.01m)xy is equal to 3.3 K using all default
values in Table 1 and increases from 0.2K to 5.4 K by varying
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TABLE 1 | Parameter of the sensitivity analysis and 1TA(0.01 m)xy (Equation 2;
averaged over snow covered pixels).
Parameter Modification Default 1TA(0.01 m)xy
Snow cover fraction 5–95% 25% 5.4 K … 0.2K
Number of patches 1, 4, 9, 16, 25, 36 16 3.9 K … 5.8K
Horizontal scale 200, 400, 1,000, 2,000m 400m 5.4 K … 1.2K
Wind velocity 0.5–5m s−1 2m s−1 1.5 K … 4.9K
Soil temperature 2–15◦C 10◦C 0.7 K … 4.9K
the fraction of snow from 95% to 5% as long as the remaining
four parameter were not modified. The values of 1TA(0.01m)xy
for the modification of the other parameters are shown in
Table 1. In summary, four parameters are strongly sensitive to
modifications with a similar spread in values of 1TA(0.01m)xy
from 1-5K, except the modification of the number of snow
patches. Modifying more than one parameter could lead to much
larger values of 1TA(0.01m)xy than 5K. A large number of
snow patches and a small fraction of snow lead to values of
1TA(0.01m)xy up to 10K (Figure S3). Increasing the horizontal
scale of the model domain lowers values of 1TA(0.01m)xy, as
the snow patch size increases and a larger percentage of snow-
covered pixels is not affected by lateral transport of sensible heat
(Figure S4). High wind velocities and high surface temperatures
of the adjacent bare ground lead to large values of1TA(0.01m)xy
(Figure S5).
DISCUSSION
We discuss the overall model error caused from neglecting
lateral transport processes as found for the Gletschboden area
and compare it to a second test site, which has been analyzed
previously (Mott et al., 2015). The split of the overall model
error in a contribution from the pure “leading edge effect” and
a contribution from an increase in the mean air temperature
due to a positive snow-albedo feedback is maintained (Table 2).
We presented the contribution of enhanced snow ablation from
the pure “leading edge effect” at the upwind edge, for an entire
catchment and for an entire catchment and entire ablation period
by using snow ablation rates further inside the snow patch as a
reference. Based on the analysis of high-resolution snow ablation
data of two ablation days at the Gletschboden test site, the
local advection of warm air causes 25–30% more snow ablation
at the upwind edge of a single snow patch and contributes
4–6% to the total snow ablation of the entire catchment. 4–
6% additional snow ablation due to local warm air advection
at the patch boundaries has been found for the specific snow
distributions observed at the Gletschboden test site for the two
analysis days late in the ablation period. The snow cover at the
Gletschboden test site in the ablation period remains continuous
for around 80% of the ablation period and the snow cover
fraction rapidly decreases afterwards (Figure 11A). Normalized
snow depth ablation rates are almost constant throughout the
ablation period and slightly increase toward the end of the
ablation period. Based on this information, we found almost no
contribution of the pure effect of local heat advection to snow
ablation in the first 80% of the ablation period, as the snow cover
remains continuous. In the late ablation period (last 20%) the
contribution of the local heat advection to snow ablation steadily
increases from 4% (SCF = 40%) to 6% (SCF = 20%) and finally
up to 25–30% for a snow patch size smaller than 4 × 4m. By
integrating over the entire ablation period, the consideration of
the pure “leading edge effect” increases the total seasonal snow
ablation approximately 1–3%. Note that numbers are valid for
the Gletschboden area and may only be transferable to regions
with a similar snow patch size distribution.
Based on existing data sets and model estimations, we could
also estimate the leading edge effect, mean snow patch size and
the relative duration of patchy snow covers during the ablation
period for a second test site. The Wannengrat area (Davos,
Switzerland) is more than one order of magnitude larger than
the Gletschboden test site and located in highly complex terrain
including steep slopes of different aspects. Further information
about the Wannengrat area can be found in Egli et al. (2012)
and Mott et al. (2011, 2015). For this analysis, we used mean
perimeters of the snow patches for different snow-covered areas
estimated inMott et al. (2015) for theWannengrat area by simply
applying a constant melting rate to the snow depth distribution
at peak of winter accumulation, which has been shown to yield
correct statistics of important parameters such as the snow cover
fraction (Egli et al., 2012).
Similar to what we found for the Gletschboden test site,
Mott et al. (2011) found up to 25–30% above-average snow
ablation rates at the leading edge for the Wannengrat test site.
The mean snow patch size during similar snow cover fraction
values is slightly larger for the Wannengrat test site than for
the Gletschboden test site (SCF = 40%: 30m Gletschboden vs.
32m Wannengrat; SCF = 20%: 20m Gletschboden vs. 25m
Wannengrat). Also similar to what has been calculated for the test
site Gletschboden, above-average snow ablation rates decrease
from 30% at the leading edge to approximately 5% for the entire
Wannengrat catchment for one specific day in the late ablation
period.
Patchy snow covers dominate the entire ablation period for
the Wannengrat area, where a SCF < 50% was observed for the
last 70% of the ablation period (Egli et al., 2012; Figure 11B). The
Wannengrat test site is characterized by much higher snow depth
heterogeneity at peak of winter accumulation than the flatter
Gletschboden test site, resulting in a much longer duration of the
patchy snow cover phase. By integrating over the entire ablation
period, the consideration of the pure “leading edge effect” at the
Wannengrat catchment (approximately 4%) is larger than for
the Gletschboden area (1–3%), particularly due to a much larger
relative duration of patchy snow covers.
However, estimated model errors described above only
consider the “leading edge effect.” This local effect does not
account for the stronger snow ablation over the entire snow patch
area caused by an increase in the mean air temperature due to a
positive snow-albedo feedback. This additional effect could not
be captured by laser scanner measurements in this study but
is assessed in the companion paper by analysing the effect of
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TABLE 2 | Fraction of above-average snow ablation rates [%] relative to snow ablation rates inside the snow patch and relative to a continuous snow cover for the
Gletschboden and Wannengrat test site due to lateral transport processes at the leading edge of a snow patch, for the entire catchment and for the entire catchment and
ablation period.
Reference Snow ablation rates inside the snow patch Continuous snow cover
Domain Leading edge Entire catchment Entire catchment
and ablation period
Entire catchment
and ablation period
Gletschboden 25–30% 4–6% 1–3% 3–5%
Wannengrat 25–30% ∼ 5% ∼ 4% 13–15%
Key Parameters Bare ground temperature
wind velocity
Mean snow
patch size
Terrain features Snow cover fraction
wind velocity
Snow ablation rates further inside the snow patch are used as the reference (first three columns). The last column represents the model error using a continuous snow cover as the
reference. Key parameters are additionally shown.
FIGURE 11 | Snow cover fraction (SCF) [%] and normalized daily snow ablation rate [%] as a function of the normalized ablation period for 2014–2016 at the
Gletschboden test site (A). SCF [%] as a function of the normalized ablation period for the Gletschboden test site (black) and the Wannengrat test site (blue, Egli et al.,
2012) (B). Results are based on terrestrial laser scanning measurements.
varying snow cover fractions on near-surface air temperatures
calculated with the non-hydrostatic atmospheric model ARPS.
Numerical results reveal that mean snow ablation rates of snow
patches (also for larger fetch distances than represented by the
leading edge effect) are strongly sensitive to a varying fraction
of snow and wind velocities and robust to the mean snow patch
size.
Based on sensitivity runs performed in the companion paper,
we compared mean snow ablation rates for a different fraction
of snow to mean snow ablation rates over a continuous snow
cover. Mean snow ablation rates for a different fraction of
snow in combination with measured relative duration of patchy
snow covers at the Wannengrat and the Gletschboden area were
used to estimate the overall model error for the entire ablation
period.
The overall model error by neglecting lateral transport
processes is larger for the Wannengrat area (13–15%) than
for the Gletschboden area (3–5%) (Table 2). Larger model
errors for the Wannengrat area can be explained by the
high sensitivity of numerical results to varying snow cover
fraction and the relative duration of a patchy snow cover
during the ablation period, which is much larger for the
Wannengrat area. At the Gletschboden test site, above-
average snow ablation from lateral transport processes can
be split in 50% contribution from the pure “leading edge
effect” and 50% contribution from the mean air temperature
increase from a positive snow-albedo feedback. For the
Wannengrat area, the positive snow-albedo feedback is larger
than the pure “leading edge effect,” mainly caused by a small
relative duration of patchy snow covers within the ablation
period.
CONCLUSION
We analyzed the limited model performance of the physics based
surface process model Alpine3D in calculating snow ablation
rates over patchy snow covers, as Alpine3D neglects the spatial
variability of near-surface air temperatures over patchy snow
covers. Snow ablation rates at the upwind edge of a snow patch
are distinctly underestimated in themodel, as higher near-surface
air temperatures due to local heat advection are not resolved.
In this study, we applied a temperature footprint approach
on near-surface air temperature fields, a technique originally
deployed for eddy-covariance flux analysis. This conceptual
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model approach correctly predicts enhanced snow ablation rates
at the upwind edge of snow patches, as recalculated fetch-
dependent near-surface air temperatures are enhanced in this
region. The analysis of the model performance of the footprint
approach with respect to turbulent sensible heat fluxes for a single
point and two-dimensional snow mask maps and snow ablation
rates show that Alpine3D model results could be significantly
improved.
Modeled turbulent sensible heat fluxes over patchy snow
covers at 2m above ground are mostly directed upwards
during noon after the application of the flux footprint approach
and therefore correspond much better to eddy-covariance
measurements. In addition, two-dimensional snow mask maps
and local snow ablation rates could be significantly better
simulated by applying the temperature footprint approach.
However, 25% larger ablation rates at the upwind edge of the
snow patch (in comparison with further inside of the snow
patch) cannot be completely explained by the implemented
model approach (Figure 10A). We were able to explain around
15% (out of 25%) above-average snow ablation rates at the
upwind edge with the temperature footprint approach. This
underestimation might be partly caused by an enhanced
incoming longwave radiation in regions of enhanced air
temperatures, as incoming longwave radiation increases with
increasing air temperature. Additionally, the advection of latent
heat is not resolved in this approach and could contribute to
enhanced snow ablation at the upwind edge (Harder et al.,
2017).
We analyzed the total model error by neglecting lateral
transport processes and separated the total model error in two
contributions: The pure “leading edge effect” and a mean air
temperature increase from a positive snow-albedo feedback. We
compared model errors of the Gletschboden test site with those
estimated for the Wannengrat area in highly complex terrain
including slopes of different aspects. The total model error for
an entire ablation period by neglecting lateral transport processes
is larger for the Wannengrat area (approximately 14%) than for
the Gletschboden area (approximately 4%) which is explained
by the longer patchy snow cover duration at the Wannengrat
area. For the Wannengrat area, the increase in the mean air
temperature from a positive snow-albedo feedback is larger than
the pure “leading edge effect”, whereas both effects show a similar
contribution to the overall model error for the Gletschboden
area.
In summary, we were able to improve Alpine3D snow
ablation rates by applying a temperature footprint approach
on near-surface air temperatures over patchy snow covers.
Enhanced snow ablation rates at the upwind edge of
snow patches due to lateral transport of sensible heat
could be resolved. The consideration of small-scale lateral
transport processes is a fundamental investigation and
complements e.g., a study of (Helbig et al., 2015), who
parametrized snow covered areas on larger scales up to
3 km.
Uncertainties in modeled snow ablation rates are mostly
determined by uncertainties in the boundary layer parameters
(e.g., roughness length or stability corrections) and the
parametrization of the incoming longwave radiation (Schlögl
et al., 2016). Monin-Obukhov similarity theory model errors
are strongly dependent on the chosen stability correction
and significantly contribute to uncertainties in modeled snow
ablation rates even over a continuous snow cover (Schlögl
et al., 2017). In this study, we showed that Monin-Obukhov
similarity theory model errors significantly increase over
patchy snow covers. In the late ablation period (SCF <
50%), uncertainties in modeled snow ablation rates are
partly determined by the complex interaction between the
heterogeneous snow cover and the atmosphere (Mott et al.,
2017).
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Figure S1 | Percentage of snow covered areas with a fetch distance below 5m
(blue) and below 15m (red) estimated for the Gletschboden area for several
different snow cover fractions (SCF) in the ablation period 2014.
Figure S2 | Values of 1TA(0.01 m)xy [K] (Equation 2; averaged over snow
covered pixels) as a function of the local time for 6 different analysis days in the
late ablation period 2014.
Figure S3 | 1TA(0.01 m)xy [K] (Equation 2; averaged over snow covered pixels)
as a function of the snow cover fractions (SCF) [%] and the number of snow
pixels. Default values were used for the non-modified parameter (Table 1).
Figure S4 | 1TA(0.01 m)xy [K] (Equation 2; averaged over snow covered pixels)
as a function of the horizontal scale [m] of the catchment for several different snow
cover fractions (SCF). Default values were used for the non-modified parameter
(Table 1).
Figure S5 | 1TA(0.01 m)xy [K] (Equation 2; averaged over snow covered pixels)
as a function of the wind velocity [m s−1] and temperature of the adjacent bare
ground [◦C]. Default values were used for the non-modified parameter (Table 1).
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APPENDIX
Diverse snow patch development
Earlier studies (e.g., Mott et al., 2011) suggest that the snow
patch development in an ablation season is similar in different
years and snow patches evolve at the same location. We confirm
this statement for the ablation periods 2014 and 2016 at the
Gletschboden test site, where the snow patch development is
similar.
However, we found for our test site that the development
of snow patches is distinctly different for the years 2014 and
2015 (Figure A1). The formation of isolated snow patches is
predominant in 2014, whereas in 2015 a strict snow line develops
from the northern, lower elevated part and the snow cover is
influenced by a huge avalanche from the north eastern slope. In
the following we tested three hypotheses which could explain the
different development:
1. Snow cover at peak accumulation
2. Zero degree level and elevation gradient in snow height during
the snow season
3. Turbulent sensible heat fluxes in the ablation period
We tested if the snow cover at peak accumulation significantly
differs between 2014 and 2015 (Figure A2a). The snow height
at the beginning of the measurements in April was larger in
2015, but highly correlated with snow heights in 2014 (R2
= 0.91). Despite the large correlation coefficient some very
small-scale differences in the snow height have been detected
at the slope toe of the northern-exposed slope. Snow could
efficiently be transported to the toe of the slope in 2015,
resulting in much larger snow heights in this area compared
to 2014 (Figure A2b). These small-scale differences in snow
heights could be explained by different wind directions during
mid-winter snowfall events. Snowfall events in 2014 typically
occurred during a southern flow, whereas the wind direction
FIGURE A1 | Panoramic images of the Gletschboden area recorded from the scan position for the early ablation period (SCF = 80%) (A,B) and the late ablation
period (SCF = 50%) (C,D). Images on the left are recorded in 2014 (08 May 2014: A; 21 May 2014: C) and images on the right are recorded in 2015 (11 May 2015:
B; 16 May 2015: D).
during snowfall events was mainly north in 2015, leading to an
efficient snow transport toward the toe of northern-exposed slope
(Gerber et al., 2017).
We observed a shallow snow pack at the slope toe in 2014 at peak
accumulation and a development of a bare ground patch in this
area early in the ablation period (see bare ground at the slope
toe in Figure A1A). From this early state in the ablation period
the Pearson correlation coefficient rapidly decreases to 0.7 during
the course of the ablation period which analytically describes the
different development of the snow patches (Figure A2a). Hence,
snow melting in 2014 is mainly initialized by the snow-free area
at the slope toe and develops starting from this area, whereas
snow melting in 2015 is mainly initialized by the northern (lower
elevated) parts of Gletschboden.
The initialization of snow melting from the lower elevated parts
in the north is favored by a strong elevation gradient of the
snow height in 2015, which could be partly explained by a
long-lasting zero degree level close to the mean elevation of
the catchment. The snow height in regions above 2300 m asl
was deep at the time of peak accumulation whereas the surface
was already snow-free at the same time in 1,700 m asl. The
elevation gradient of the snow height was much smaller in
2014.
The third hypothesis tests different local heat advection
directions in 2014 and 2015. As the wind direction in the ablation
period 2014 and 2015 do not significantly differ (not shown),
local heat advection acts similarly on the patchy snow cover. We
expect that local heat advection from different directions as a
consequence of different wind directions play a minor role in
different snow patch developments. This assumption is caused
by the fact that wind directions in the entire ablation periods are
typically similar.
In summary, the different development of the Alpine snow
patches in the Gletschboden area in 2014 and 2015 is mainly
caused by a different peak accumulation due to different wind
directions duringmid-winter snowfall events and due to different
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FIGURE A2 | Comparison of the Alpine snow cover at Gletschboden in 2014 and 2015: Pearson correlation coefficient of the snow height of both years as a function
the snow cover fraction (a). Cross section of digital elevation model for summer and the time of peak accumulation 2014 and 2015 (b).
elevation gradients of the snow height. This result cannot be
generalized to other test sites and ablation periods. There might
be years of a very similar snow patch development (as in 2014 and
2016) if the snow cover at peak accumulation, the wind direction
in the ablation period and the elevation gradient of the snow
height are similar.
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